INTRODUCTION {#s1}
============

Brassinosteroids (BRs) are plant steroid hormones that were originally discovered in *Brassica napus* pollen for their ability to promote growth when exogenously applied to other vascular plants ([@JCS204065C26]). Impaired BR biosynthesis or signaling causes reduced organ growth and abnormal development, and thereby limits plant fertility and yield ([@JCS204065C24]; [@JCS204065C47]). Despite parallels between the functions of plant and animal steroid hormones ([@JCS204065C24]; [@JCS204065C41]), substantial differences exist with respect to their perception and signal transduction mechanisms. Whereas animal steroid perception is mainly mediated by transcription factors inside the cell ([@JCS204065C1]), plant steroids are perceived by leucine-rich repeat (LRR) receptor kinases located at the plasma membrane ([@JCS204065C20]).

BR signaling is initiated by the direct binding of the steroid molecule to a 93 amino acid region located within the extracellular domain of the LRR receptor kinase BRI1 (BRASSINOSTEROID INSENSITIVE 1) ([@JCS204065C18]; [@JCS204065C22]; [@JCS204065C45]). Upon BR binding, the heterodimerization of BRI1 with BAK1 (BRI1-ASSOCIATED RECEPTOR KINASE 1) is enhanced, and a cytoplasmic cascade of phosphorylation and dephosphorylation events is initiated ([@JCS204065C25]; [@JCS204065C33]). These events lead to the degradation of BIN2 (BRASSINOSTEROID INSENSITIVE 2) kinase ([@JCS204065C25]; [@JCS204065C30]), and a consequential increase in the dephosphorylated forms of the BZR1 (BRASSINAZOLE RESISTANCE 1) ([@JCS204065C46]) and BES1 (BRI1-EMS-SUPRESSOR 1) ([@JCS204065C49]) transcription factors. Dephosphorylated BZR1 and BES1 are translocated into the nucleus where they modulate the transcription of thousands of genes by directly interacting with DNA and other transcription factors ([@JCS204065C14]). In fact, BZR1 and BES1 are known to bind specific DNA sequences: the BR-response element (BRRE, CGTGC/TG) and E-boxes (CANNTG) ([@JCS204065C15]; [@JCS204065C40]; [@JCS204065C50]). Furthermore, recent work has revealed that these transcription factors are subjected to post-transcriptional regulation in response to external stimuli such as light ([@JCS204065C21]) and environmental stress ([@JCS204065C27]). In this way, BR-mediated transcriptional responses are also controlled by an additional regulatory layer.

In addition to BRI1, Arabidopsis contains three BRI1-like (BRL) receptor kinase homologues. Interestingly, however, only BRL1 and BRL3 (BRI1-LIKE 1 and 3) are functional BR receptors capable of binding the hormone ([@JCS204065C2]). Although BRI1 is present in the majority of plant cells ([@JCS204065C9]), the BRL1 and BRL3 receptors are enriched in vascular tissues and the stem cell niche ([@JCS204065C2]; [@JCS204065C7]; [@JCS204065C36]).

By providing a continuous supply of precursor cells, stem cells are primarily involved in sustaining growth and replacing damaged tissues ([@JCS204065C35]). Root stem cells, also known as initials, are located at the root apex and surround the quiescent center (QC) ([@JCS204065C6]) ([Fig. 1](#JCS204065F1){ref-type="fig"}A,B). The QC, which comprises a small group of cells with very low mitotic activity, not only acts as a cell reservoir for the surrounding actively dividing stem cells ([@JCS204065C55]; [@JCS204065C6]), but is also responsible for maintaining the stem cells in their undifferentiated state ([@JCS204065C34]; [@JCS204065C43]). However, upon cellular damage, the QC loses its quiescence and enters into a state of cell division to enable stem cell replenishment ([@JCS204065C4]; [@JCS204065C16]; [@JCS204065C44]). Fig. 1.**The stem cell niche of Arabidopsis roots and QC-specific expression of BR pathway components.** (A) A stereotypical Arabidopsis WT primary root under confocal microscopy. The root stem cell niche is highlighted in color. (B) Detailed representation of the root stem cell niche. (C--H) Confocal images of 6-day-old WT and mutant Arabidopsis roots in control conditions. Green represents YFP-tagged pathway components. Red is PI counterstaining. Insets show the YFP channels at higher magnification. Scale bar: 50 µm.

Hormonal stimulation also plays an important role in governing cell division in the QC ([@JCS204065C12]; [@JCS204065C16]; [@JCS204065C53]). For instance, BRs are known to promote both cell division in the QC and differentiation of the surrounding columella stem cells ([@JCS204065C7]; [@JCS204065C12]; [@JCS204065C44]). More specifically, the ERF115 transcription factor, which is activated by BRs, promotes QC divisions and stem cell regeneration after DNA damage ([@JCS204065C17], [@JCS204065C16]). In contrast, BRAVO (BRASSINOSTEROIDS AT VASCULAR AND ORGANIZING CENTER), an R2R3-MYB transcription factor identified using cell-specific transcriptomics, acts as a repressor of QC divisions ([@JCS204065C44]). Interestingly, BRAVO is a direct transcriptional target of and interacts with the BR-regulated transcription factor BES1 at the protein level, forming a feedback loop that antagonistically regulates QC divisions ([@JCS204065C44]). Despite the importance of these transcription factors for locally safeguarding QC divisions, it is still unknown whether BR-regulated QC function is maintained in a cell-autonomous fashion or requires external signaling. Moreover, although BR receptors collectively modulate QC cell division and differentiation of surrounding stem cells under normal conditions ([@JCS204065C7]), the specific contribution of each receptor within the stem cell niche is not known.

These questions prompted us to investigate BR-mediated regulation of quiescence and its impact on stem cell regeneration after DNA damage at the local level. Accordingly, we used a tissue-specific approach in order to determine the ability of QC cells to integrate exogenous steroid signals. For this purpose, we specifically overexpressed two BR signaling components -- the BRI1 membrane receptor and the BES1 transcription factor -- in QC cells, and specifically knocked out BRI1 in the stem cell niche using an artificial microRNA (amiRNA) ([@JCS204065C6]; [@JCS204065C39]). Altogether, we demonstrate that: (1) active BES1 is necessary for cell-autonomous QC divisions; (2) the BR hormone itself (i.e. not the receptors) is the limiting factor for BR-induced QC divisions in the root apex; (3) BRI1 is required at the stem cell niche for mediating BR-dependent QC divisions; and (4) upon stem cell death, paracrine BR signaling is required for QC divisions. Overall, our results establish a hierarchy for the different BR receptors within the stem cell niche, indicating that under normal conditions the BRI1 receptor acts as the principal player controlling QC divisions, rather than its homologous.

RESULTS {#s2}
=======

Active BES1 promotes cell-autonomous QC division {#s2a}
------------------------------------------------

We first wanted to elucidate whether the BR-induced division signals of the QC were transduced in a cell-autonomous manner through the canonical BR signaling cascade. To this end, we used the gain-of-function BES1 mutant, *bes1-D*, which is known to be constitutively active ([@JCS204065C49]). Previously, we cloned *bes1-D* under the control of the promoter of the QC-specific gene *WOX5* ([@JCS204065C38]), and fused YFP to its C-terminus ([@JCS204065C44]). This construct, pWOX5:*bes1-D*-YFP, was transformed into both Col-0 wild-type (WT) and the null BRI1 mutant *bri1-116* ([@JCS204065C24]) ([Fig. 1](#JCS204065F1){ref-type="fig"}C--F).

Confocal microscopy of 6-day-old roots revealed an increase in the number of QC divisions in both the WT and the *bri1-116* mutant upon expressing *bes1-D* under the *WOX5* promotor ([Fig. 2](#JCS204065F2){ref-type="fig"}A,D,F,M; [Table S1](Table S1)). This indicates that active BES1 locally promotes division at the QC in a cell-autonomous manner. Interestingly, however, the QC division rates in the *bri1-116* background were lower than those in the WT background ([Fig. 2](#JCS204065F2){ref-type="fig"}M; [Table S1](Table S1)), suggesting that BR signaling from surrounding tissues also participates in activation of QC divisions. Fig. 2.**The BR-regulated transcription factor BES1 promotes QC division in a cell-autonomous manner.** (A--F) Confocal images of fixed 6-day-old WT and mutant Arabidopsis roots in control conditions. (G--L) Root anatomy of 6-day-old seedlings grown in medium supplemented with 4 nM BL. Arrows indicate the number of QC cell layers identified. (M) Quantification of QC division rate. ND, QC non-divided; PD, QC partially divided; D, QC totally divided. Asterisks indicate statistically significant differences due to genotype, comparing against WT either in control or 4 nM BL conditions. Frequencies in QC divisions were assessed with a two-sided Fisher\'s test. Values for all pairwise comparisons are provided in [Table S1](Table S1). Data are generated from three independent replicates (*n*\>21). \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.005. Scale bar: 50 µm.

In addition, treatment of WT plants harboring the pWOX5:*bes1-D*-YFP construct with brassinolide (BL) did not result in a significant increase in cell division rates ([Fig. 2](#JCS204065F2){ref-type="fig"}D,J,M; [Table S1](Table S1)). This is probably due to a saturated BRs signal contributed also by basal receptor-transduced signaling. Conversely, upon BL treatment, a significant increase in cell division rate was observed for the *bri1-116* plants that contained pWOX5:*bes1-D*-YFP ([Fig. 2](#JCS204065F2){ref-type="fig"}F,L,M; [Table S1](Table S1)). This suggests that the signal is not saturated in these plants, and that the BRL receptors are also contributing factors.

The local BR hormone level is the main limiting factor for QC division {#s2b}
----------------------------------------------------------------------

Next, by introducing the pWOX5:BRI1-YFP transgene into both WT and *bri1-116* backgrounds, we evaluated the local contribution of the BRI1 receptor to QC division ([Fig. 1](#JCS204065F1){ref-type="fig"}C,E). As the *WOX5* promoter drives relatively high expression compared with the endogenous *BRI1* promoter, *WOX5*-controlled expression of the BRI1 receptor resulted in its local overexpression in the QC. Confocal images comparing BRI1 expression under its endogenous promoter ([@JCS204065C11]) with BRI1 expression in the pWOX5:BRI1-YFP lines are shown in [Fig. S1](Fig. S1).

When BRI1 is locally overexpressed using the *WOX5* promoter, a small increase in QC division rate was observed in both the WT and the *bri1-116* backgrounds ([Fig. 2](#JCS204065F2){ref-type="fig"}C,E,M; [Table S1](Table S1)). This increase, however, was substantially smaller than that observed upon expression of *bes1*-D using the same promoter ([Fig. 2](#JCS204065F2){ref-type="fig"}D,F,M; [Table S1](Table S1)). Upon application of exogenous BL, we observed a dramatic increase in the QC division rate for those plants expressing pWOX5:BRI1-YFP in the WT background but not in the *bri1-116* background ([Fig. 2](#JCS204065F2){ref-type="fig"}C,E,I,K,M; [Table S1](Table S1)). This implies that BRI1 signaling in the QC alone is not sufficient to promote QC divisions, but rather additional external signaling is required. The fact that overexpression of BRI1 in the QC did not result in a large increase in QC division until exogenous BL was applied, indicates that the BR hormone itself is the limiting factor of QC division. Furthermore, only after applying BL to the pWOX5:BRI1-YFP; *bri1-116* roots could a dramatic reduction in meristem cell number be observed ([Fig. S2A](Fig. S2A)). This typical effect of exogenous BL application was not seen when just BRI1 is overexpressed. Together, these results suggest two possible scenarios: (1) there is an insufficient level of BRs in the root stem cell niche to promote QC division, or (2) BRI1-like receptors (i.e. BRL1 and BRL3) act as competitors for BR ligand binding.

To address the second scenario, we crossed the pWOX5:BRI1-YFP plants with double and triple mutants lacking two (*brl1brl3*) or all receptors (*bri1-116brl1brl3*), respectively, and assessed the occurrence of spontaneous QC divisions or an increased sensitivity to BL. Application of BL to the *brl1brl3* double mutant backgrounds yielded similar effects to those in the WT background, showing that the loss of these genes does not affect QC division rates even when applying lower concentrations of BL (0.04 nM) ([Fig. S3](Fig. S3), [Table S2](Table S2)). With respect to the triple mutant, we obtained results similar to those found in the *bri1-116* background ([Fig. S3](Fig. S3), [Table S2](Table S2)). Altogether, these results indicate that the BRL1/3 receptors do not compete with the BRI1 receptor for hormone binding. Interestingly, a lack of BRL receptors attenuates the slight increase in QC division that is observed upon overexpressing BRI1 in the QC ([Fig. 2](#JCS204065F2){ref-type="fig"}M; [Fig. S3K](Fig. S3K), [Table S2](Table S2)). In agreement with previously reported data ([@JCS204065C7]), this supports a marginal role for the BRL1and BRL3 receptors in promoting BR-mediated QC divisions in normal conditions. These results, together with the previous ones, exclude the possibility that BRL receptors compete with BRI1 for ligand binding. Thus, we conclude that the BR hormone concentration must be the limiting factor for promoting QC division.

BRI1 is required in the stem cell niche for BL-triggered QC division {#s2c}
--------------------------------------------------------------------

To more thoroughly understand the receptor requirements that drive BES1-mediated QC division, we specifically knocked out BRI1 expression in the WOX5 domain. For this, we designed and cloned an amiRNA against BRI1 (see Materials and Methods; [Fig. S4A,B](Fig. S4A,B)). To validate the ability of our amiRNA to knock out BRI1 expression, we first placed it under the control of the constitutive promoter CaMV35S. This resulted in dwarf plants similar to null *bri1* mutants ([@JCS204065C24]) ([Fig. S4C](Fig. S4C)). Next, cell-specific knockouts were generated by placing the amiRNA under the control of the QC-specific promoter *WOX5*. As seen by crossing pWOX5:BRI1-amiR plants with plants expressing BRI1-GFP under the control of the endodermis-specific promoter scarecrow (SCR) ([@JCS204065C13]), inhibition of BRI1 expression was not limited to the QC cells, but also occurred in nearby surrounding cells ([Fig. 3](#JCS204065F3){ref-type="fig"}A,B). This implies that the small size of the mature amiRNA enables it to diffuse to adjacent cells. Importantly, YFP signals observed in plants that overexpressed BRI1-YFP in the QC completely disappear when crossed with pWOX5:BRI1-amiR plants, indicating that our amiRNA is indeed effective at attenuating BRI1 expression ([Fig. 3](#JCS204065F3){ref-type="fig"}C,D). Finally, genetic crosses between the pWOX5:BRI1-amiR line and the translational reporter lines pBRL1:BRL1-GFP and pBRL3:BRL3-GFP ([@JCS204065C7]), showed that the BRI-amiR is partially depleting *BRL1* and *BRL3* transcripts, as consequence of sequence similarity ([Fig. 3](#JCS204065F3){ref-type="fig"}E--H). A GFP intensity reduction of ∼40% could be detected in the crosses ([Fig. S5A,B](Fig. S5A,B)). Fig. 3.**The pWOX5:BRI1-amiR construct targets BRI1 and downregulates its transcription in the root stem cell microenvironment.** Confocal images of 6-day-old Arabidopsis roots. (A,B) Genetic crosses between pWOX5:BRI1-amiR and pSCR:BRI1-GFP lines reveal that BRI1 is knocked down in the stem cell microenvironment. (C,D) Genetic crosses between pWOX5:BRI1-YFP and pWOX5:BRI1-amiR lines show that the amiRNA completely depletes BRI1 around the QC domain. (E--H) Genetic crosses of pWOX5:BRI1-amiR lines with pBRL1:BRL1-GFP and pBRL3:BRL3-GFP lines. Insets show the GFP channel separately. All crosses are F3 double homozygous plants. Scale bar: 50 µm.

Next, we analyzed two independent pWOX5:BRI1-amiR lines in terms of their sensitivity towards exogenous BL. Based on root length, meristem cell number and stele width, we found that both lines expressing the amiRNA retained a BL sensitivity closely similar to that of WT plants. In contrast, the null *bri1-116* plants were insensitive to hormone application ([Fig. S2C](Fig. S2C)--[E](E)), thereby suggesting that the effect of the mature amiRNA is strongly limited to a local level. Interestingly, both pWOX5:BRI1-amiR lines were completely insensitive to BL application in terms of QC division ([Fig. 4](#JCS204065F4){ref-type="fig"}A--G; [Table S3](Table S3)). Taken together, these results indicate that the presence of BRI1 receptors in the QC is essential for QC division. Additionally, pWOX5:BRI1-amiR lines exhibited impaired root growth, having slightly, but significantly shorter roots than WT plants starting from 5 days after germination ([Fig. 4](#JCS204065F4){ref-type="fig"}H; [Fig. S2C](Fig. S2C)), suggesting that the presence of BR receptors in root stem cell niche contributes for optimal root growth. Fig. 4.**BRI1 in the stem cells niche is required to promote QC divisions.** (A,B) Confocal images of 6-day-old WT Arabidopsis roots grown in either control conditions or 4 nM BL show the change in QC division and organization. (C--F) pWOX5:BRI1-amiR transgenic lines grown in control conditions or in medium supplemented with 4 nM BL. Arrows indicate the number of QC cell layers identified. (G) Quantification of the QC divisions of WT and pWOX5:BRI1-amiR plants. ND, QC non-divided; PD, QC partially divided; D, QC totally divided. Asterisks indicate statistically significant differences due to genotype, comparing against WT either in control or 4 nM BL conditions (\*\*\**P*\<0.005). Frequencies in division occurrence were assessed with a two-sided Fisher\'s test. Values for all pairwise comparisons are provided in [Table 3](Table 3). Data generated from three independent replicates (*n*\>39). (H) Root growth dynamics of WT and pWOX5:BRI1-amiR lines. Asterisks denote significant differences with respect to the WT in a two-tailed *t*-test (\**P*\<0.05). Data are generated from three independent replicates (*n*\>46). Scale bar: 50 µm.

We next asked whether the reduction in QC divisions in the pWOX5:BRI1-amiR lines was a consequence of a slower cell cycle progression in the meristem. To answer this question, we stained roots with 5-ethynyl-2′-deoxyuridine (EdU), a thymidine analogue that is incorporated into actively dividing cells ([@JCS204065C37]). In WT plants, we observed a uniform EdU staining in the entire root meristem except for in the QC, which owing to its quiescence, barely incorporates EdU ([Fig. 5](#JCS204065F5){ref-type="fig"}A). The same results, which are indicative of a normal cell cycle in the meristem, were also obtained for the pWOX5:BRI1-amiR lines ([Fig. 5](#JCS204065F5){ref-type="fig"}B,C). Thus, the QC remains quiescent because of the absence of BRI1, and not because of a meristem-wide deceleration of the cell cycle. In contrast, the *bri1-116* mutant showed a much lower extent of EdU incorporation, thereby confirming that it has a slower cell cycle compared with WT plants ([Fig. 5](#JCS204065F5){ref-type="fig"}D). Fluorescence intensity quantification confirmed that pWOX5:BRI1-amiR lines incorporate EdU at the same levels as in the WT, whereas *bri1-116* does so at lower rates ([Fig. S5C](Fig. S5C)) and it agrees with the previously reported slow cell cycle progression of *bri1-116* ([@JCS204065C12]). Fig. 5.**pWOX5:BRI1-amiR seedlings exhibit normal meristem divisions.** Confocal images of fixed and EdU-stained 6-day-old Arabidopsis roots. (A--C) WT, pWOX5:BRI1-amiR\#2 and pWOX5:BRI1-amiR\#3 lines grown in control conditions. (D) *bri1-116* line grown in control conditions as a negative control for QC division. (E--G) WT, pWOX5:BRI1-amiR\#2, and pWOX5:BRI1-amiR\#3 lines grown for 4 days in control conditions and 2 days in medium supplemented with 4 nM BL. (H) pWOX5:*bes1-D*-YFP line grown in control conditions as a positive control for QC division. Arrows indicate the number of QC cell layers identified. Scale bar: 50 µm.

Furthermore, we treated both WT and pWOX5:BRI1-amiR lines with BL in order to evaluate whether BL promotes QC cell division. Upon BL treatment, WT roots incorporated EdU into the QC ([Fig. 5](#JCS204065F5){ref-type="fig"}E), thereby confirming that the QC cells were undergoing cell division. In contrast, however, the pWOX5:BRI1-amiR lines did not incorporate EdU into the QC after being subjected to identical BL treatment ([Fig. 5](#JCS204065F5){ref-type="fig"}F,G). This clearly supports the hypothesis that pWOX5:BRI1-amiR lines are insensitive to BR-mediated signals in the QC. Along the same lines, the plant that has a constitutively dividing QC due to overexpression of active BES1 (i.e. the pWOX5:*bes1-D*-YFP line), also exhibited EdU incorporation in the QC ([Fig. 5](#JCS204065F5){ref-type="fig"}H). This, in effect, mimics the results obtained with exogenous BL treatment, and confirms that activated downstream components of BR receptors are capable of triggering QC division in a cell-autonomous manner.

Stem cell regeneration upon DNA damage entails the local action of BR receptors {#s2d}
-------------------------------------------------------------------------------

Since the QC has been proposed to act as a stem cell reservoir and is known to divide in the face of environmental stresses, we decided to evaluate whether the BR receptors are essential for carrying out such stress-induced division. For this purpose, we decided to use bleomycin, a chemotherapeutic drug that has been described to preferentially harm root vascular stem cells and induce QC division ([@JCS204065C10]; [@JCS204065C44]). As such, this system triggers QC division independently of BR treatment. We compared the local knockout lines (i.e. pWOX5:BRI1-amiR) against both the null *bri1* mutant and WT roots. While the pWOX5:BRI1-amiR lines were damaged at the same rate as the WT plants ([Fig. 6](#JCS204065F6){ref-type="fig"}A,B,C,I; [Table S4](Table S4)), the *bri1* mutant remained free of any visible damage ([Fig. 6](#JCS204065F6){ref-type="fig"}D,I; [Table S4](Table S4)). As previously described, this is probably due to its slow cell cycle progression ([@JCS204065C12]; [@JCS204065C44]). Interestingly, in contrast to what was observed for the WT roots, the QC of the pWOX5:BRI1-amiR lines remained undivided following 24 h of bleomycin treatment plus 24 h of recovery ([Fig. 6](#JCS204065F6){ref-type="fig"}E,F,G,J; [Table S5](Table S5)). In the case of *bri1*, the QC also remained undivided, but as previously mentioned, the roots were not damaged by bleomycin ([Fig. 6](#JCS204065F6){ref-type="fig"}H,J). Given that the pWOX5:BRI1-amiR lines and WT show similar levels of provascular cell death after 24 h of bleomycin treatment ([Fig. 6](#JCS204065F6){ref-type="fig"}A,B,C,I; [Table S4](Table S4)), as well as the same amount of EdU staining ([Fig. 5](#JCS204065F5){ref-type="fig"}A--C; [Fig. S5C](Fig. S5C)), our results argue that the absence of QC divisions in bleomycin-treated pWOX5:BRI1-amiR lines is due to neither an inherent resistance against DNA damage nor a slow cell cycle progression. Interestingly, our results reveal the paracrine nature of this DNA damage response: a signal that emerges from damaged stem cells triggers cell division in the adjacent QC. Moreover, according to our data, this signal must be a type of steroid molecule that is locally and mainly transduced by BRI1 in the stem cell niche. Fig. 6.**BR receptors in the stem cell niche modulate QC divisions upon DNA damage.** (A--D) Confocal images of 5-day-old seedlings treated with bleomycin for 24 h. (E--H) Confocal images of 5-day-old seedlings subjected to 24 h of bleomycin treatment and a subsequent 24 h of recovery. (I) The proportion of roots showing cell death in the root apex after 24 h of bleomycin treatment. HD, hard damage; MD, mild damage; ND, no damage. Asterisks indicate statistically significant differences respect to WT (\*\*\**P*\<0.005). Differences in the proportion of damaged roots were assessed with a two-sided Fisher\'s test. Values for all pairwise comparisons are provided in [Table S4](Table S4). Data are generated from three independent replicates (*n*\>25). (J) Quantification of QC divisions after 24 h of bleomycin treatment and 24 additional hours of recovery. ND, QC non-divided; PD, QC partially divided; D, QC totally divided. Asterisks indicate statistically significant differences with respect to WT (\*\**P*\<0.01, \*\*\**P*\<0.005). Differences in division frequencies were assessed with a two-sided Fisher\'s test. Values for all pairwise comparisons are provided in [Table S5](Table S5). Data are generated from three independent replicates (*n*\>24). Scale bar: 50 µm.

DISCUSSION {#s3}
==========

The slow-dividing nature of the cells in the QC enable it to act as a cell reservoir and organizer for surrounding stem cells ([@JCS204065C10]; [@JCS204065C31]; [@JCS204065C38]; [@JCS204065C43]; [@JCS204065C44]). Although recent studies have started to shed light on the molecular components behind QC quiescence, the exact mechanisms that are responsible for ensuring such a low rate of cell division remain largely unknown. One fairly recent study discovered that the interaction between RETINOBLASTOME-RELATED (RBR) and SCARECROW (SCR) is required for quiescence maintenance ([@JCS204065C4]). Nonetheless, rather than being completely static, the QC is in fact regulated by plant hormone signaling. For instance, while it has been shown that abscisic acid (ABA) reinforces the quiescence of this group of cells ([@JCS204065C53]), ethylene ([@JCS204065C28]) and cytokinin ([@JCS204065C54]) are known to disrupt their quiescence and promote division. With respect to BR hormones, they have been shown to promote QC divisions while maintaining regular cell cycle progression in the rest of the root meristem ([@JCS204065C12]). The mechanisms underlying BR-mediated QC divisions are slowly being uncovered with the identification of BR-regulated and QC-specific transcription factors such as ERF115 ([@JCS204065C16]) and BRAVO ([@JCS204065C44]). However, how these signaling mechanisms are locally confined to the stem cell niche of the root is still controversial. In fact, although it has been proposed that BR action at the epidermis ([@JCS204065C13]) and vascular tissues ([@JCS204065C19]) can similarly regulate meristem size and plant growth, it is unknown whether these local signals are also capable of driving QC divisions. Here, our findings show that QC activities at the stem cell niche require the presence of BR receptors in both the QC cells themselves and nearby surrounding cells.

Activated BES1 can trigger cell-autonomous QC division but needs membrane support {#s3a}
---------------------------------------------------------------------------------

Physiological analysis of QC-specific overexpression of BES1 revealed that active BES1 has the potential to trigger QC division in an autonomous manner. However, as the same QC division rates were not observed when the transgene was introduced into the *bri1* mutant background ([Fig. 2](#JCS204065F2){ref-type="fig"}M; [Table S1](Table S1)), it became apparent that BRI1 was also required for this process. It is important to note that BRI1 might also activate other downstream components besides BES1. For example, one potential downstream target could be the transcription factor BZR1, which has been shown to promote autonomous QC division when activated ([@JCS204065C3]; [@JCS204065C23]). Interestingly, in the *bri1* background lines, we detected an increase in QC division frequency upon BL application ([Fig. 2](#JCS204065F2){ref-type="fig"}M; [Table S1](Table S1)). This increase could be attributed to BRL receptors compensating for the lack of BRI1 and activating other downstream components.

The hormone is the limiting factor for promoting QC divisions {#s3b}
-------------------------------------------------------------

Surprisingly, when the plants that overexpressed BRI1 in the QC (pWOX5:BRI1-YFP) were assessed in terms of QC division rates, we found only a limited increase in both the WT and *bri1* backgrounds ([Fig. 2](#JCS204065F2){ref-type="fig"}M; [Table S1](Table S1)). The fact that the roots showed signs of recovery in the *bri1* background line (i.e. longer roots) however, confirmed that BRI1 was still functional when fused to YFP ([Fig. S2B](Fig. S2B)). Upon BL treatment, the QC division frequency of pWOX5:BRI1-YFP plants is similar to that in WT plants treated with BL ([Fig. 2](#JCS204065F2){ref-type="fig"}M; [Table S1](Table S1)), thus revealing that an excess of receptor has no effect until the ligand is added. As the plants overexpressing pWOX5:BRI1-YFP displayed no dramatic phenotype until exogenous hormone was applied, we concluded that the stem cell niche microenvironment must be characterized by an excess of BRI1 and a limited amount of free hormone. We discounted competition for the ligand between BRI1 and BRLs as the reason for this ([Fig. S3](Fig. S3), [Table S2](Table S2)), and hypothesize that, in the root stem cell niche, a threshold of available hormone has to be reached in order to promote QC divisions.

BRI1 is necessary but not sufficient to promote QC division {#s3c}
-----------------------------------------------------------

According to our results, the presence of BRI1 in the QC is not the limiting factor for the QC division process. In fact, very low amounts of BRI1 receptor are present within these cells ([@JCS204065C48]). Furthermore, BRL1 and BRL3, both of which bind the hormone with a higher affinity than BRI1, are also present in these cells ([@JCS204065C2]; [@JCS204065C7]). Accordingly, we wondered whether BRI1 was absolutely necessary in this domain. Our results show that WT lines expressing the amiRNA against BRI1 in the stem cell niche (pWOX5:BRI1-amiR) are completely insensitive towards BL-induced QC divisions ([Fig. 4](#JCS204065F4){ref-type="fig"}E). At the same time, however, BRI1 acting exclusively in the QC (i.e. pWOX5:BRI1-YFP; *bri1-116* line) is not enough to recover BL-induced QC divisions to WT levels ([Fig. 2](#JCS204065F2){ref-type="fig"}M). Taken together, these results suggest that the effects of BRI1 are reinforced from surrounding cells. Thus, we found that BRI1 signaling in the QC is necessary, but not sufficient to promote QC self-renewal, and highlight BRI1 as the main driving factor for this process. Despite the fact that BRL activity is also partially downregulated in pWOX5:BRI1-amiR lines, in agreement with our data, previous results showed that *brl1brl3* double mutants have a normal BR-induced QC division ([@JCS204065C7]). On the other hand, *bri1-116* mutants, which have intact *BRL1* and *BRL3* genes, retain a quiescent QC, even upon application of high doses of BL ([@JCS204065C12]) ([Fig. 2](#JCS204065F2){ref-type="fig"}M; [Table S1](Table S1)). Our results relegate BRL receptors to a supporting action for BRI1, which in turn acts as the main promoter of QC divisions in normal conditions. Moreover, QC division frequency also has an impact on the growth of primary roots, as the roots of pWOX5:BRI1-amiR lines are slightly shorter than those of the WT ([Fig. 4](#JCS204065F4){ref-type="fig"}H; [Fig. S2C](Fig. S2C)). Congruently, the *bri1-116* mutant lines that overexpressed BRI1 or BES1 in the QC (i.e. pWOX5:BRI1-YFP;*bri1-116* and pWOX5:bes1-D-YFP;bri1-116) not only partially recovered BR signaling in the QC, but also partially recovered seedling root length compared with that in the *bri1-116* mutant ([Fig. S2D](Fig. S2D)). This latter fact prompted us to hypothesize that some spontaneous QC divisions under basal conditions are required to sustain optimal root growth -- presumably for replenishment of the stem cell niche.

BR signaling acts in a paracrine manner to trigger QC division {#s3d}
--------------------------------------------------------------

It is known that the QC divides in response to environmental stresses such as the presence of DNA-damaging agents ([@JCS204065C44]) or changes in the homeostasis of reactive oxygen species (ROS) ([@JCS204065C51]). In the root, DNA-damaging agents preferentially harm vascular and columella stem cells. Cells that are unable to repair this damage activate programmed cell death (PCD) and undergo apoptosis ([@JCS204065C10]), thereby subsequently promoting QC divisions to replenish the stem cell niche and maintain meristematic activities ([@JCS204065C17]; [@JCS204065C44]). We took advantage of this property to analyze the receptor requirements of the signaling that causes QC division. Interestingly, we found that the BRI1 receptor is necessary to trigger QC divisions after vascular cell death ([Fig. 6](#JCS204065F6){ref-type="fig"}), although we cannot discard a major contribution of BRLs under this stress scenario. Furthermore, we discounted the idea that QC quiescence observed in the pWOX5:BRI1-amiR line after damage is due to a slower cell cycle ([Fig. 5](#JCS204065F5){ref-type="fig"}; [Fig. S5C](Fig. S5C)), as is the case for the *bri1-116* mutant. Although it has been demonstrated that downregulation of BRAVO is implicated in this type of QC division ([@JCS204065C44]), the exact nature of signal progression from the damaged cell to the QC is still unclear. Even if we cannot discern between BRI1 and the BRLs perceiving this signal, results obtained by treating the pWOX5:BRI1-amiR lines with bleomycin have revealed that these signals are perceived by BR receptors acting in the stem cell niche, so the signal should be of a steroid nature and act in a paracrine manner.

It is known that by stimulating paracrine signaling, human stem cells can promote wound healing and cancer progression ([@JCS204065C5]), but in plants, the mechanisms behind autocrine and paracrine signaling are only just being uncovered ([@JCS204065C32]). It has been proposed that BRs can regulate stem cell division in the roots via long-range signals originating at the epidermis ([@JCS204065C13]). However, although changes in QC markers (e.g. AGL42) were observed in response to epidermal signaling, no effect on QC divisions was reported ([@JCS204065C13]). This therefore limits direct readout of BR-mediated signaling in the QC to short-range signals. Indeed, in contrast to other hormones that act over long distances, it is accepted that BRs act at a more local level ([@JCS204065C8]) and our findings indicate that the signals that promote QC divisions come from the nearby stem cell microenvironment rather than from the outer cell layers. Nevertheless, where exactly the BR signals are driven from remains a controversy.

In summary, our findings show that (1) QC cell division activity is promoted by BES1 transcription factor in the QC; (2) BRI1 is required in both the QC and nearby cells to trigger division; and (3) paracrine steroid signaling may be regulated by the hormone\'s availability in the stem cell niche ([Fig. 7](#JCS204065F7){ref-type="fig"}). A plausible way to control the hormone levels in the stem cell microenvironment of the root could be to upregulate the genes controlling its biosynthesis. However, the spatial regulation of the enzymes responsible for BR biosynthesis is still poorly understood. As such, further efforts in this area are crucial for elucidating the nature and origin of BR signals, where they are synthesized and where they are driven. Fig. 7.**Working model: BR concentration as a limiting factor for QC divisions.** In order to promote QC divisions when needed, a threshold concentration of BRs has to be reached in the root apical meristem. Upon reaching this threshold, the signal is transduced via BRI1 with enough strength to promote BES1 dephosphorylation. Dephosphorylated BES1, in turn, inhibits BRAVO and triggers QC division.

MATERIAL AND METHODS {#s4}
====================

Plant material and growth conditions {#s4a}
------------------------------------

All lines used in this study, along with their references are listed in [Table S6](Table S6). We used *Arabidopsis thaliana* (L.) Heyhn, ecotype Columbia-0 (Col-0) as the control background line.

Seeds were surface sterilized using 35% bleach, and subsequently washed five times with distilled sterile water. Seeds were vernalized at 4°C in the dark for 48 h before sowing. Plants were grown in vertical plates containing half-strength Murashige and Skoog (MS) medium with vitamins but no sucrose supplements (0.5×MS−), in long day conditions (LD, 16 h light:8 h dark) at 22°C and 60% relative humidity.

amiRNA design and cloning {#s4b}
-------------------------

We designed the artificial miRNA using Web MicroRNA Designer (WMD2) as previously described ([@JCS204065C29]; [@JCS204065C39]). Briefly, the nucleotides encoding the mature miRNA sequence, GCCCCTATCTAAGTGTCAGTT, were engineered in the miR319a precursor as described ([@JCS204065C39]). This was then subcloned under the control of the WOX5 QC promoter in the binary plasmid pH7m24GW,3, and transformed into Arabidopsis using the floral dip method ([@JCS204065C52]). In this work, we used two independent homozygous T4 lines named pWOX5:BRI1-amiR\#2 and pWOX5:BRI1-amiR\#3, both of which express the specific amiRNA against BRI1 under the *WOX5* promoter (4.2 kb upstream of the *WOX5* start codon). For the pWOX5:BRI1-YFP construct, the coding sequence of the *BRI1* gene was cloned under the control of the *WOX5* promoter and fused to *YFP*, all inside the binary plasmid pB7m34GW. All constructs were cloned using Gateway technology (Invitrogen) according to the manufacturer\'s instructions.

Confocal microscopy {#s4c}
-------------------

For QC division analysis, 6-day-old seedlings were fixed, clarified and counterstained using modified Pseudo Schiff--propidium iodide (mPS-PI) staining ([@JCS204065C42]). Then, each seedling was mounted onto a microscope slide with a drop of Hoyer\'s solution (30 g gum arabic, 200 g chloral hydrate, 20 g glycerol and 50 ml water). Images were obtained using a FV 1000 confocal microscope (Olympus, Tokyo, Japan). The QC division phenotypes were scored as in [@JCS204065C44]. Differences in QC division frequencies were statistically evaluated with a two-sided Fisher\'s exact test ([Tables S2--S4](Tables S2–S4)).

For bleomycin assays, the percentage of damaged roots was scored after 24 h of treatment, which is a qualitative classification depending on the amount of death cells in the vasculature, identified by the incorporation of PI inside the cells: no damage means that cells did not uptake PI; mid damage indicates that some cells in the stem cell niche area were stained; hard damage indicates that all cells in the stem cell niche and some cells in the vascular system stained with PI. The percentage of QC divisions was scored after 24 h of bleomycin treatment and 24 h of recovery.

Hormone and drug treatments {#s4d}
---------------------------

For brassinolide (BL) treatment, BL (C28H48O6; Wako, Osaka, Japan) previously dissolved in ethanol was added to medium at a final concentration of either 4 nM or 0.04 nM. For bleomycin treatment, seedlings were transferred to vertical plates supplemented with 0.6 µg/ml bleomycin (Calbiochem) 4 days after sowing. For recovery, plants were transferred back to control medium after 1 day of growth in bleomycin-containing medium and quantified under a confocal microscope after 24 h.

EdU staining {#s4e}
------------

For evaluating EdU staining, we used the Click-iT EdU Alexa Fluor 555 Imaging Kit (Thermo Fisher). Five days after sowing, seedlings were transferred to vertical plates supplemented with 10 µg/ml EdU. After 24 h, seedlings were fixed in a solution containing 3.7% (w/v) paraformaldehyde and 1% (v/v) Triton X-100 in 1× PBS for 1 h in a vacuum. After fixation, the seedlings were washed twice with 3% (w/v) BSA in 1× PBS, and subsequently incubated in the Click-iT reaction cocktail (as described in the protocol of Invitrogen EdU Click-iT Reaction Imaging Kit) for 1 h in the dark. For counterstaining, seedlings were washed twice with 3% BSA in 1× PBS and incubated for 30 min with 1 µg/ml DAPI in 1× PBS in the dark. Finally, the seedlings were washed a final time in 3% BSA in 1× PBS.

Root measurements and fluorescence quantification {#s4f}
-------------------------------------------------

For root length measurements, images of seedlings were taken with a Nikon D7000 camera and roots were measured with ImageJ software (<http://imagej.nih.gov/ij/>). For meristem cell counts, 6-day-old seedlings were stained with 10 µg/ml PI and the images were obtained using a FV 1000 confocal microscope (Olympus, Tokyo, Japan), using a 20× objective. Then cells were counted by tracking the cortex, starting from QC cells. The end of the meristem was considered when a cell had \>75% increase in cell length (longitudinally) than the previous one. Cell measurements were performed with ImageJ. For root stele width, measures were taken at 50 µm upstream of the QC in the root longitudinal axis. The separation between pericycle cell files (stele) was measured perpendicular to the root longitudinal axis. Measures were made with ImageJ. For fluorescence quantifications, the mean pixels/area of fluorescence in the green channel (to quantify GFP) or the red channel (to quantify EdU incorporation) were quantified with ImageJ, either on complete images for the EdU-stained samples or by measuring only the area of expression of the BRLs.

Supplementary Material
======================

###### Supplementary information

We would like to thank members of the Ana Caño-Delgado laboratory for comments, Paula Suárez-López for suggesting the use of an amiRNA in our study, Ivonne Stahl for providing the EdU staining protocol, and Tony Ferrar for critical manuscript revision and language editing.

**Competing interests**

The authors declare no competing or financial interests.

**Author contributions**

Conceptualization: F.L.-E., A.P.-R., A.I.C.-D.; Methodology: F.L.-E., A.P.-R., J.V.-B., R.S., A.I.C.-D.; Validation: F.L.-E., A.P.-R., J.V.-B., A.I.C.-D.; Formal analysis: F.L.-E., J.V.-B., A.I.C.; Investigation: F.L. -E., A.P.-R., J.V.-B., A.I.C.-D.; Resources: F.L.-E., A.P.-R., R.S., A.I.C.-D; Data curation: F.L.-E., A.P.-R., R.S., A.I.C.-D.; Writing - original draft: F.L.-E., A.P.-R., A.I.C.-D.; Writing - review & editing: F.L.-E., A.P.-R., J.V.-B., R.S., A.I.C.-D.; Visualization: A.I.C.-D.; Supervision: A.I.C.-D.; Project administration: A.I.C.-D.; Funding acquisition: A.I.C.-D.

**Funding**

F.L.-E is funded by a PhD fellowship from the Ministerio de Economía, Industria y Competitividad (BIO2013-43873). A.P.-R is a recipient of a PhD fellowship from the Severo Ochoa Programme for Centers of Excellence in R&D 2016-2019 (SEV-2015-0533). R.S. would like to thank EMBO for financial support through a long-term postdoctoral fellowship (ALTF 864-2005) and Rob Martienssen for continuous support and guidance related to the amiRNA work. A.I.C-D. is the recipient of BIO2013-43873 and BIO2016-78955 grants from the Ministerio de Economía, Industria y Competitividad and a European Research Council consolidator grant (ERC-2015-CoG--683163). Deposited in PMC for immediate release.

**Supplementary information**

Supplementary information available online at <http://jcs.biologists.org/lookup/doi/10.1242/jcs.204065.supplemental>

[^1]: These authors contributed equally to this work

[^2]: Present address: Carnegie Institution for Science, Department of Plant Biology, 260 Panama St. Stanford, CA 94305, USA.

[^3]: Present address: Max Planck Institute for Developmental Biology, 72076 Tübingen, Germany.
